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Abstract

Sphingosine 1-phosphate (S1P) is a well-
defined bioactive lipid molecule derived from
membrane sphingolipid metabolism. In the
past decades, a series of key enzymes involved
in generation of S1P have been identified and
characterized in detail, as well as enzymes
degrading S1P. S1P requires transporter to
cross the plasma membrane and carrier to
deliver to its cognate receptors and therefore
transduces signaling in autocrine, paracrine, or
endocrine fashions. The essential roles in reg-
ulation of development, metabolism, inflam-
mation, and many other aspects of life are
mainly executed when S1P binds to receptors
provoking the downstream signaling cascades
in distinct cells. This chapter will review the
synthesis, degradation, transportation, and sig-
naling of S1P and try to provide a comprehen-
sive view of the biology of S1P, evoking new
enthusiasms and ideas into the field of the
fascinating S1P.
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6.1 Synthesis of S1P

The synthesis of SIP is illustrated in Fig. 6.1.
Although it has been documented that the synthe-
sis of S1P could occur intra- and extracellularly
[1], recent reports favor the notion that intracellu-
lar synthesis is the major contribution of S1P
production under physiological condition
[2]. The instant reaction to produce SIP from
sphingosine involves two characterized kinases,
namely sphingosine kinase (SK or SphK) 1 and
SK2 [3-6].

6.2  S1P Kinases

Although two human genes encoding SK1 and
SK2 are located on different chromosomes with
SKI on the chromosome 17 and SK2 on the
chromosome 19, they are evolutionarily
conserved lipid kinases with five highly
conserved motifs (named C1-5) [7, 8]. Among
them, a C4 motif is considered as unique to the
SKs superfamily [8] and confines substrate rec-
ognition [9]. Analysis of crystal structure of SK1
determined a two-domain architecture model with
the C-terminal domain accommodating a
substrate-binding pocket formed by C4 and C5
motifs [10], providing a prototype for understand-
ing the molecular basis of the catalytic sites and
substrate specificity of SKs. Both SK1 and SK2
phosphorylate dihydro- and sphigosine, although
phosphorylation catalyzed by SK1 is much more
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efficient than by SK2 [11]. SK2 has broader sub-
strate spectrum, including phytosphingosine [6]
and the spingoid base analog FTY720 or its deriv-
ative [12-15].

Bulk majority of SK1 is present in the cytosol;
however, a small portion of SK1 is translocated to
the plasma membrane, cytoskeleton, and intracel-
lular organelles, such as endoplasmic reticulum
(ER) and phagosome upon stimulation [16—
18]. The compartmentalization and translocation
of SK1 not only make it closer to its substrate,
sphingosine, which is embedded in the lipid
bilayer, but encounter with its regulators [8]. For
example, extracellular signal-regulated kinase
(ERK) 1/2-mediated phosphorylation of SK1 at
Ser225 promotes conformational change of SK1,
which leads to plasma membrane translocation
and an increase of catalytic activity [19]. More-
over, interacting with the calcium- and integrin-
binding protein 1 is required for induction of
membrane translocation of SKI1 in a calcium-
dependent manner [20]. In contrast, SK2 was
found shuttling between the cytoplasm and the
nucleus [19]. SK2 has 234 more amino acids
(AAs) than that of SK1 (384 AAs), in which
additional nuclear localization and exportation
signal motifs are located [21, 22]. The SIP
generated in the nucleus was reported to involve
in epigenetic regulation of gene transcription
[23]. SK2 is also found in intracellular organelles,
including mitochondria [24] and ER [25]. Interest-
ingly, apoptotic cells release SK2, which in return
increases local S1P concentration in regulation of
immune responses [26]. These in vitro studies
indicate that SK1 and SK2 may regulate different
pools of S1P despite many shared properties.

Indeed, studies from knockout (KO) mouse
models showed that Skl and Sk2 contributed
differently to tissue and serum levels of S1P, but
share some redundant functions, which allowed
them to compensate each other for the single KO
mice to survive since none of the double KO mice
survived beyond embryonic day 13.5 due to intra-
cranial bleeding [27, 28]. The single KO mice
have normal or slightly reduced SIP levels in
most tissues, while the serum S1P in Sk1-KO
mice was reduced by 50% while the Sk2-KO
mice has an increased serum SIP level
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[29, 30]. However, the lymphocyte cellularity
and distribution in the lymphatic organs, which
is controlled by S1P, was not affected in the
Sk1-KO mice, indicating that reduced serum
pool of SI1P was sufficient for the lymphocyte
trafficking [27]. Further studies found that
Sk1-KO mice exhibited normal immune
responses in mouse model of thioglycollate-
induced peritonitis or collage-induced arthritis
[31]. In other words, the S1P gradient (will dis-
cuss in detail below) regulating lymphocyte traf-
fic was not disrupted by Sk1 deletion. Instead, the
reduced serum S1P level by Skl deletion resulted
in more severe neuroinflammation in a
LPS-induced brain injury model [32], whereas
the increased serum S1P by Sk2 deficiency
reduced atherosclerotic lesions in a mouse
model of atherosclerosis [30], suggesting the
serum level of SIP is rather likely affecting
vascuar functions via endothelail S1P; [33].

6.3  S1P Degradation

S1P level is determined by the balance of synthe-
sis and degradation (Fig. 6.1). As discussed
above, the synthesis of SIP is mainly catalyzed
by two specific kinases; the degradation of S1P
also requires several designated enzymes. On the
one hand, S1P is dephosphorylated to sphingo-
sine by three lipid phosphate phosphatases (LPPs,
encoded by Lgpps in mouse genome) and two
S1P-specific phosphatases (SPPs, encoded by
Sgpps in mouse genome) identified up to date
[34]. On the other hand, SIP is irreversibly
hydrolyzed by the S1P lyase (SPL, encoded by
Sgpll in mouse genome) [35].

6.4 S1P Phosphatases

Both SPPs and LPPs belong to the type 2 lipid
phosphate phosphohydrolases family with three
conserved domains at the predicted enzyme
active site, despite LPPs have broader substrate
specificity than that of SPPs [34, 36]. LPPs are
located on the plasma membrane with its active
site on the outer leaflet and thus dephosphorylate
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Fig. 6.1 Schematic presentation of intracellular metabo-
lism of sphingolipid and extracellular transportation of
SIP. In the ER, ceramide (Cer) generated from the de
novo synthesis pathway is hydrolyzed by ceramidase
(CDase) to yield sphingosine (Sph) which in return is
phosphorylated by Sph kinase 1 (SphK1) to produce
S1P. S1P is constantly dephosphorylated by S1P phospha-
tase (S1Pase) to recycle Sph back to synthesis of
sphingolipid. Conversely, S1P is degraded by S1P lyase
to yield phosphoethanolamine (PE) and hexadecenal

the extracellular pool of SIP [36]. Other
substrates of LPPs include lysophosphatidic acid
(LPA), phosphatidate, ceramide 1-P, and
FTY720-P. And mouse genetic studies suggest
that LPA is likely the favorable substrate of
LPPs [36]. In contrast, SPPs are more substrate-
specific phosphatases that dephosphorylate S1P,
dihydro-S1P, and phyto-S1P, mediating the
recycling of sphingoid bases into different meta-
bolic pathways [37-39]. Mammalian SPPs locate
in the ER and consist of two isoforms, SPP1 and
SPP2 [34]. SPP1 regulates the intra- and extracel-
lular levels of S1P and is essential for cell viabil-
ity in vitro [40]. Gene-deletion studies revealed
that Sgpp1-KO mice developed an ichthyosis-like
phenotype a few days after birth; Sgppl-KO
keratinocytes had increased intracellular level of
S1P and accelerated cellular differentiation

(Hex). The two end products of S1P breakdown are con-
sumed by a salvage pathway to enter the cycle of phos-
pholipid metabolism. In the plasma membrane,
sphingomyelin (SM) is catalyzed by sphingomyelinase
(SMase) and subsequentially CDase to yield Sph for
SphK1 to generate SIP. The intracellular synthesized
S1P is actively transported across the plasma membrane
by designated S1P transporters and transfer onto carriers to
produce albumin-S1P and ApoM-S1P for signaling trans-
duction when they bind to S1P receptors (S1PRs)

[41]. Sgpp2-KO mice exhibited normal pancre-
atic islet size but defective B-cell proliferation
when challenged with either high-fat diet or a
specific p-cell toxin; mechanistic studies showed
that SPP2 plays pivotal role in ER stress and
proliferation of the f-cell [42]. These findings
indicate that LPPs and SPPs are dispensable for
the S1P levels in tissues or the circulation.

6.5 S1P Lyase

Unlike LPPs and SPPs that recycle sphingosine,
SPL cleaves S1P to yield ethanolamine phosphate
and hexadecanol taking the sphingoid base out of
recycling [43]. SPL is a single-pass ER mem-
brane protein exerting its enzymatic activity in
homodimers [44] and is highly expressed in
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tissues with rapid cell turnover, including small
intestines, colon, thymus, and spleen [45]. High
level of SPL expression is associated with low
level of S1P in the tissues whereas its absence in
the red blood cells (RBCs) and platelets maintains
high S1P level in the plasma. Therefore, SPL is
the key enzyme guarding the chemotactic S1P
gradient between tissue and blood, enabling
egress of lymphocytes [46].

The pivotal role of SPL in regulation of devel-
opment, metabolism, and inflammation has
been illustrated in Sgpl/-KO mouse models
[47]. Besides lymphopenia, the Sgpl/-KO mice
were reported to manifest developmental retarda-
tion, thymic atrophy, neutrophilia, hyperostosis,
and nephrosis [48-52]. Lack of SPL leads to
intra- and extracellular accumulation of S1P
which has toxic effects [53], as well as
dysregulation of global lipid metabolism, such
as increased ceramides, sphingomyelins,
phospholipids, triacyglycerols, diacylglycerols,
and cholesterol esters [52]. In a mouse model of
chemically induced colitis, the intestinal epithe-
lial cell-specific deletion of Sgpl/l led to more
severe disease conditions and promoted colon
carcinogenesis [54]. Gene polymorphisms
associated with SGPL have been shown to be
related to the susceptibility of late-onset
Alzheimer’s disease [55]. Recent discoveries
about a new inborn error of sphingolipid metabo-
lism caused by loss-of-function mutations of
SGPL closely translated the previous findings
obtained from cultured cells and mouse models,
indicating that SPL is essential for sphingolipid
homeostasis.

6.6 Transportation of S1P

and Transporters

SIP contains a hydrophilic head group and a
hydrophobic tail, which renders itself water
incompatible. S1P requires designated binding
partners, like transporters and carriers (Fig. 6.1),
to move around along the circulation.

As a lysophospholipid molecule, intracellular
S1P requires transporters to export across the
cytoplasmic membrane. Initially, in vitro studies
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suggested that some of the ATP-binding cassette
transporter family members were candidates as
S1P transporters and might be responsible for
exporting SIP to plasma. However, results of
S1P measurement in plasma from gene-deletion
mouse model ruled out this possibility (reviewed
by Hla et al. [56]). The protein spinster homolog
2 (Spns2) is the first identified mammalian
S1P-specific transporter [57-60]. Spns2 is
enriched in vascular and lymphatic endothelial
cells (LECs), regulating SIP concentration
mainly in the lymph [60]. Spns2 in LECs is
essential to maintain S1P gradient between lym-
phatic tissue and lymph and governs lymphocyte
migration and survival [60-62], suggesting Spns2
is functioning on the apical membrane of LECs.
A recent study, interestingly, provided evidence
that Spns2 partners with the major facilitator
superfamily ~domain-containing protein 2a
(Mfsd2a) to release S1P into basolateral space of
mouse brain ECs and to preserve the blood brain
barrier function [63]. Mechanism underlying
membrane localization of Spns2 in different ECs
merits further investigation. Mfsd2b is the second
definitively verified S1P transporter which is
required for exporting S1P out of RBCs, sustain-
ing static plasma S1P concentration [64]. Under
thrombosis condition, Mfsd2b is required for the
activated platelets to release S1P [65]. Mouse
genetic studies on Mfsd2b and Spns2 have
fortified the notion that RBC-S1P is the most
important source for the plasma S1P, whereas
the LEC-S1P is the major contributor of the lym-
phatic S1P. Therefore, targeting specific S1P
transporters might be a promising therapeutic
strategy to differentially inhibit S1P signaling on
different cell types [65, 66].

Both transporters are multi-pass transmem-
brane proteins and mainly expressed on the cell
surface [64, 67, 68]. Two recent reporters on 3D
structure of Mfsd2a orthologs revealed the
tropisms and critical amino acids of the
lysolipid-binding cavity of MFD family proteins
[69, 70], providing analogous blueprint for the
substrate-binding cavity of Spns2 and Mfsd2b.
Based on the resolved crystal structure of
Mfsd2a [70] and computational predictions by
AlphaFold [71], one may postulate that the
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S1P-binding pockets of Spns2 and Mfsd2b are
composed of 12 transmembrane helices divided
into two pseudo-symmetric six-helices bundles.
Several pocket-lining amino acids of human
MFSD2B derived from homologous analysis
with MFSD2A are embedded in the transmem-
brane helixes and critical for substrate export
[69, 70], suggesting that S1P gains access into
the binding pocket is likely from within the mem-
brane bilayer [64]. However, further investigation
is obligated to justify the amino acids which
define the S1P-binding specificity.

6.7  S1P Carriers

As an amphipathic lipid in nature, there is no free
S1P in the aqueous phase. It has been estimated
that ~54% of plasma S1P is associated with HDL,
~35% 1is bound to albumin, and the rest might
associate with other lipoproteins [72, 73]. The
HDL-associated apolipoprotein M (apoM) is the
solo high affinity S1P-binidng protein identified
to date with a well-defined binding pocket inside
[74]. ApoM increased not only S1P in the plasma
by increasing its solubility and protecting it from
degradation, but also modulate the homeostasis of
plasma S1P levels [74, 75]. ApoM regulates S1P
function by facilitating its interaction with its
receptors, thus enhances its biological functions
in maintaining endothelial barrier and limiting
endothelial inflammation [33, 76, 77]. Recently,
an engineered S1P chaperone apoM-Fc was
reported to efficiently activate S1P receptors
in vitro and in vivo, providing potential therapeu-
tic strategy for hypertension and ischemia-
reperfusion injury of vital organs [78]. However,
how and when SIP gets into apoM remain
mysterious.

In contrast to the specific binding of apoM and
S1P, albumin-associated S1P can be more con-
sidered as its free form [79]. The presence of
albumin may only increase the solubility of S1P
instead of actual physical binding. Further studies
showed that albumin-associated S1P plays a con-
troversial role in the pathogenesis of atheroscle-
rosis, comparing with the protective role of
apoM/HDL-associated S1P [80]. Nevertheless,
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fair amount of serum SIP is still present in the
double KO of apoM and albumin mice [73] ren-
dered further investigation for precise regulation
of serum-S1P.

6.8 S1P Signaling Receptors
The extracellular S1P evokes intracellular signal-
ing transduction via its five high affinity cognate
receptors, named as SIP;-S1P5 [81]. And these
receptors belong to the class A G-protein coupled
receptor (GPCR) family [82]. The cell-type spe-
cific and dynamic expression of these five
receptors differs vastly in various stages of life.
Numerous publications have reported very broad
expression and functionalities of S1P;, S1P,, and
S1P; [83]. The confirmed cell types include, but
not limited to, endothelial cells (ECs), immune
cells, neural cells, myocytes, and fibroblasts.
Interestingly, the same receptor residing on dif-
ferent cell types exerts opposite or similar regu-
latory consequences, while different receptors
expressed on the same cell type may act
opposingly or coordinatingly [83]. For instance,
activation of S1P; in EC and macrophage is anti-
inflammatory, whereas activation of astrocyte-
S1P; increases release of pro-inflammatory
cytokines; S1P; promotes vascular barrier func-
tion, while S1P, and S1P; damage the barrier in
ECs; S1P, and S1P; function cooperatively to
induce fibrosis in various tissues [84—87]. Recent
studies using S1P; reporter mouse models
presented exciting observations of spatial-
temporal activation of S1P; related to endothelial
transcriptional regulation [88] and immune cell
maturation [89], which opens a new avenue for
studying the heterogeneity of S1P/S1P; signaling.
S1P; is one of the most abundant and studied
GPCRs. Many earlier effects have been focused
on the binding partners (CD44, CD69, and
B-arrestin), downstream signaling effectors (Ga,
ERK, PI3K, Akt, phospholipase C, and Rac), and
enzymatic modifiers of the intracellular domains
of S1P; (Akt, GPCR kinase 2, and DHHCS).
With more advanced genetic and proteomic
screening technologies, LPA receptor 1 [90] and
endoglin [91] were recently identified as the
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crosstalk receptors of S1P/S1P; signaling. The
former is also a GPCR acting upstream of S1P;
to suppress S1P/S1P; signaling in lymphatic ECs
[90]. The latter is an auxiliary receptor of TGF-f
superfamily members acting downstream of S1P;
to regulate EC barrier function and angiogenesis
[92]. Although the crystal structure of S1P; was
resolved together with a fusion protein tag and an
antagonist, it at least provided a prototype for
understanding how S1P gains access to its
receptors and the substrate-binding pocket
[93]. The authors suggested that S1P might slide
into the amphipathic pocket, lined with charged
and polar amino acid residues for the head of
phospho-sphingolipid, from within the membrane
bilayer. However, how the exogenous S1P
maneuvers its way into the pocket demands
more experimental innovations and logical
inductions.

In contrast, expression of S1P, and S1Ps is
restricted to certain cell types, for instance, S1P,
in myeloid cells, including T cell, B cell, macro-
phage or monocyte, neutrophil, eosinophil, mast
cell, and dendritic cell [81, 83]. Functions of S1P,
have been implicated in regulation of cell traffick-
ing and differentiation [51, 94]. Expression of
S1Ps is limited to NKT cell [95] and oligodendro-
cyte [96, 97] though its mRNA was found in other
myeloid cell types. However, the proposed func-
tion of S1Ps has encountered contradictory
findings [83]. Further experiments are required
to sort out the role of S1P5 signaling.
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